Introduction.-The discovery of the delayed light emission of plant materials by Strehler and Arnold in 19511 has stimulated a good deal of interest in this rather remarkable property. The emitted light has been shown to be due to an electronic transition between the first excited singlet state of chlorophyll and the ground state.2 3 At room temperature, a luminescence is observable from about 0.01 second4 to several minutes5 after excitation. Thus the electronic transition cannot be rate-determining, and the process represents neither normal fluorescence nor normal phosphorescence. Indeed, there is some evidence4' 6 that the decay curve of the luminescence is the resultant of more than one rate-limiting process. Strehler VOL. 44, 1958 VOL. 44, 1035 and co-workers4' have been able to demonstrate the existence of many relationships between delayed light emission and photosynthesis and thus have been led to interpret the luminescence phenomena as a consequence of the reversibility of some of the enzymatic photosynthetic reactions. However, Tollin and Calvin6 have shown that the faster-decaying components of the delayed light are present to as low a temperature as -1000 C., suggesting that the early processes following light absorption are non-enzymatic in nature. These latter observations, in conjunction with several other types of experimental and theoretical information, 8-'5 have suggested an interpretation of the physical processes leading to delayed light emission and, by analogy, to photosynthesis, in terms of semiconductor theory. [16] [17] [18] The earlier investigations in this laboratory3' 6 have been limited to the study of the light emitted approximately 0.1 second after excitation by a flash discharge. The recent reports of luminescences at still shorter times after excitation4 , 19 have prompted the construction of a device capable of continuously observing the light emission of a sample of plant material from 0.0015 second to about 30 seconds after the onset of flash excitation. The present work describes a series of experiments carried out with this apparatus.
Materials and Methods.-The chloroplast material was prepared as outlined previously.'0 Chlorella and Scenedesmus were grown in continuous culture in our laboratory, and samples were prepared for the luminescence measurements by centrifugation of a suspension of the algae to obtain a relatively thick paste. In general, measurements were begun within 10 minutes of harvesting.
A block diagram of the apparatus used in the experiments is shown in Figure 1 . Corning -special infrared filter is placed between the sample and the photomultiplier. This latter filter system allows only those wave lengths between 6500 and about 9500 A to reach the photomultiplier. Such an arrangement of filters minimizes the light from the flash discharge which is incident upon the photomultiplier during excitation, although it by no means completely eliminates the scattering problem. However, no transient phenomena or saturation effects in the photomultiplier response are observed. The geometrical arrangement of exciting source, sample, and photomultiplier is essentially the same as that reported previously.6
The photomultiplier anode is supplied with a 2-megohm load resistor, and the voltage developed across this resistance is fed directly into a Sanborn stabilized d.c. preamplifier (gain = 1,000). The preamplifier, in turn, feeds the oscilloscope, a Sanborn Model 151 recorder, and a Leeds and Northrup "Speedomax" recorder. The photomultiplier is normally operated at 1,300 volts.
For the measurement of the quantum yield of the luminescence, the photomultiplier was calibrated using a National Bureau of Standards lamp and a bolometer. The photomultiplier was then used to measure both the light incident on the sample from the flash and the light emitted from the sample. It was assumed that all the light reaching the sample was absorbed. Such an assumption is probably quite satisfactory, inasmuch as the samples used were almost black in appearance. Appropriate corrections were applied for the filters, for the geometry of the system, and for self-absorption in the sample. The values obtained for the VOL. 44, 1958 VOL. 44, 1037 quantum yield of the light emitted between 0.0015 and 30 seconds after excitation are probably accurate only to within a factor of 2 or 3. Furthermore, the yield is too low in terms of total light emitted, inasmuch as we are unable to detect emissions of duration longer than 30 seconds or shorter than 0.0015 second. It is unlikely, however, that inclusion of this energy would raise the quantum yield value by more than an order of magnitude, since extremely sensitive quantum counting devices are needed to observe the longer-term emissions' and the present results indicate a steadily decreasing quantum yield as one goes to shorter times after excitation (see below).
Results.-Some typical decay-curve data obtained from Chlorella at 210 C. are shown in Figure arbitrary. It is seen that the algae give a much higher absolute yield of luminescence than do the chloroplasts (see also the former as compared with the latter. The decay curves for Chlorella and for Scenedesmus are, in fact, quite similar, differing essentially only by a scale factor. In Figures 3, 4 , and 5 and Tables 3 and 4 are given the results of experiments in which the luminescence of spinach chloroplasts and of Chlorella is studied as a function of the temperature. It is apparent that the temperature-dependence of the light emission in both types of material is quite complex. Furthermore, at no temperature can the decay curve be represented by a simple kinetic expression (either unimolecular or bimolecular). The most striking change upon cooling in both materials is the fairly rapid changeover from a decay curve in which most of the light is emitted in the longer times (greater than 0.1 second) to a decay curve in which essentially all the emission decays rapidly (see Tables 3 and 4 an almost threefold increase in the total integrated intensity obtained at -36°C . as compared with that obtained at 210 C.. (see Table 3 , fifth col. possible maximum appearing as a leveling-off at intermediate temperatures (see Table 4 , fifth col.). It is of interest that the maximum of the fastest component comes at a higher temperature in Chlorella than it does in chloroplasts. Experiments involving the use of various filters between the sample and the photomultiplier demonstrate that the emission in the first few milliseconds after excitation has the same wave-length distribution as do the slower components3 (i.e., emission is occurring from the first excited singlet state of chlorophyll) at both 210 and -170°C. This is a further indication of the failure of the triplet state of chlorophyll to emit,3 although it may be involved in the sequence of events leading to luminescence. 18 In Figure 6 the decay curves for spinach chloroplasts and for Chlorella at 210 and at -1650 C. are plotted as log intensity versus time. The low-temperature curves for both materials are quite similar in shape. It is possible to interpret these curves as being the resultant of two unimolecular luminescent processes having half-lives of about 1-2 milliseconds and about 30 milliseconds, respectively. The validity of such an interpretation is, of course, open to some question. However, it is of interest that, as one approaches these low temperatures, the changes in the VOL. 44, 1958 luminescence for a given temperature increment become progressively smaller, and, in fact, the decay curve for spinach chloroplasts does not undergo any measurable changes between -128 and -168°C. This would suggest a corresponding simplification in mechanism.
Some interesting effects are obtained if one allows the samples to age on the sample holder in the dark at room temperature. A typical result is shown in Table 5 . A marked decrease in the total integrated light intensity is observed after 20 hours of aging, with the slower components having decreased to a much greater extent than the faster ones. The material is quite dry and hard at this time. If one rewets the sample with a drop of water, one can achieve some reactivation. However, the percentage of the original intensity present after wetting is much greater for the faster components than for the slower ones. Even after as much as 10 days of aging, the fast decays are still present, and some reactivation of the slow decays is possible. Discussion.-It is highly unlikely that a temperature-dependence as complex as that observed in the present experiments for delayed light emission can be a reflec-tion of an underlying mechanistic simplicity. Indeed, the general features of the changes in the luminescence decay curves upon cooling may be readily accounted for qualitatively by postulating a series of either parallel or sequential rate-limiting processes as constituting the basic kinetic pattern of the luminescence phenomenon. Such a complicated sequence of events leading to an electronically excited chlorophyll molecule is consistent with what is known about the photosynthetic pathway and about metabolic processes in general.
In terms of the above picture, one can explain the increase in the intensity of the faster light emissions at intermediate temperatures as being due either to the undetected presence of still faster decay processes of high yield whose rates are decreased upon cooling or to a "freezing-out" of the slower mechanisms, with a corresponding increase in the amount of energy being emitted in the faster processes. It is not possible to say which of these points of view is applicable to the present situation. The rationale for the subsequent decrease in intensity upon further cooling is obvious.
The most significant result of the present study is the observation of a substantial luminescence decay at temperatures as low as -1700 C. This strongly suggests that the basic mechanisms of the early processes following light absorption do not Fry Ag Re The fact that algae yield a much greater light intensity in the slow decays than do chloroplasts is probably a consequence of the partial removal of enzymes and smaller molecules in the preparation procedure. This suggests chemical transformations as the rate-limiting steps of the slower components. An explanation in these terms would also be consistent with the large temperature coefficient of these components as observed in the cooling experiments (Tables 3 and 4) , with the aging experiments (Table 5) , and with the results of Strehler and co-workers.4'7
The extremely low quantum yields observed in the present experiments are in accordance with the interpretation of delayed light emission as an indication of the reversibility of at least part of the photosynthetic pathway. These low values are probably a reflection of the high efficiency with which the absorbed quanta pass over into the chemrical processes involved in photosynthesis. It is interesting to note that the much higher quantum yield of fluorescence'3 (.10-2) suggests a considerably lower order of efficiency of quantum conversion for the earliest physical stages.
Summary.-A device has been constructed which is capable of recording the decay curve of green-plant luminescence from 0.0015 second to approximately 30 seconds after excitation by a flash discharge. Absolute quantum yield measurements of the emitted light give values of the order of 10-6 for Chlorella and Scenedesmus and 10-7 for spinach chloroplasts. Such low yields are in accord with the interpretation of delayed light emission as a reversal of photosynthesis. The luminescence has been found to exhibit an extremely complex temperature-dependence, which is suggestive of a multiprocess mechanism. A substantial luminescence decay is measurable at temperatures as low as -170°C. This is interpreted as demonstrating that the early processes following light absorption are physical rather than enzymatic. Evidence is presented to support the contention that the later stages of emission are of an enzymatic nature. At all the temperatures investigated, the luminescence originates in the first excited singlet state of chlorophyll.
INTRODUCTION
The possible role of a-aceto-,8-hydroxy-butyric acid (AHB) as a precursor of isoleucine in Escherichia coli was pointed out by Umbarger.' The related compound, a-acetolactic acid (AL) has been shown to be a precursor of valine in E. coli2 and in Saccharomyces cerevisiae.2 In addition, a mutant of Neurospora that requires both isoleucine and valine for growth is known to accumulate both AHB and AL in the medium.4
This communication describes briefly experiments with cell-free extracts of Neurospora, which show that AHB and AL are converted to isoleucine and valine via the previously' postulated intermediates, ca,4-dihydroxy-3-methylvaleric acid (DHI) and a,4-dihydroxyisovaleric acid (DHV), respectively. Evidence is also given that this conversion from the f3-keto acids, AHB and AL, to the dihydroxy acids is a two-step process, probably involving the intermediate formation of aketo-3-hydroxy acids, as indicated in Figure 1 .
